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Ruthenacycles obtained by cyclometalation of enantiopure aromatic primary or secondary amines with [( n-benzene)RuCl 5], or with [( 775-p-
cymene)RuCl ,], are efficient catalysts for asymmetric transfer hydrogenation (TOF up to 190 h ~1 at room temperature). Enantioselectivities in
the transfer hydrogenation of acetophenone ranged from 38% to 89%. It is possible to prepare the catalysts in situ, which allows the use of

high throughput experimentation.

Among the very large palette of polydentate ligands that have higher than that of the known classical Pd(0) catalysts
proven to be useful in homogeneous catalysis, the so-calledstabilized by mono- or polydentate phosphine ligahtik.
cyclometalated ligands, i.e., those ligands that are bound tojs now generally accepted that these cyclopalladated com-
the metal via a carbermetalo bond, stabilized by one or  pounds are in fact interesting reservoirs of ligand-free Pd(0)
two intramolecular dative heteroatom to metal bonds, are species that form the genuine active cataljdts.contrast

currently the subject of intensive investigatibrindeed, g their palladium counterparts, cyclometalated complexes
almost a decade ago it was shown that cyclopalladated

phosphorus-, nitrogen-, or sulfur-containing ligands were 2) (@) Hemmann. W. A Brossmer, C.i@e, K. Reisinger, C. P
interesting catalyst precursors for the formation of a whole Riermeier, T.; Beller, M.; FischeH. Angew. Chem., Int. Ed. Engl995,”
range of C-€ as well as CH or C—X bonds? The apparent 34, 1844. (b) Ohff, M.; Ohff, A.; Milstein, DChem. CommurL999, 357.

efficiency (activity: TOF, TON) of these Pd(Il) complexes (1‘:2?183%{?”9“ D. B Osburn, P. L; Liu, Y. 3. Am. Chem. S0d999,
was very frequently found to be several orders of magnitude (3) (a) Reetz, M. T.; de Vries, J. @hem. Commur2004, 1559. (b) de
Vries, A. H. M.; Mulders, J. M. C. A.;. Mommers, J. H. M; Henderickx,

H. J. W.; de Vries, J. GQOrg. Lett 2003 5, 3285. (c) Rocaboy, C.; Gladysz,

T Université Louis Pasteur. J. A. New J. Chem2003,27, 39. (d) Beletskaya, I. P.; Cheprakov, A. V.

*DSM Pharma Chemicals. J. Organomet. Chen2004,689, 4055. (e) Mufioz, M. P.; Martin-Matute,

(1) (@) Dupont, J.; Pfeffer, M.; Spencer,Bur. J. Inorg. Chem2001, B.; Fernandez-Rivas, C.; Cardenas, D. J.; Echavarren, AAdd. Synth.
1917. (b) Bedford, RChem. Commur2003, 1787. (c) Herrmann, W. A_; Catal. 2001,343, 338. (f) Nowotny, M.; Hanefeld, U.; van Koningsveld,
Ofele, K.; von Preysing, D.; Schneider, S. K.Organomet. Chen2003, H.; Maschmeyer, TChem. Commur200Q 1877. (g) Consorti, C. S.; Zanini,
687, 229. M. L.; Leal, S.; Ebeling, G.; Dupont, Drg. Lett.2003,5, 983.
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based on ruthenium have been much less studied. Recentlyexpected compourn@with a good yield (ca. 70%). Combus-
a few groups have reported the catalytic properties of NCN, tion analysis, as well &$1 and'3C NMR data were in accord
PCP, and CP cycloruthenated terdentate and bidentate lig-with the structure o2.2 The complex consisted of a mixture
ands, and interesting activities for the transfer hydrogenationof the two diastereomer2a and 2b that differ in the
of ketones were fountiSome of us have recently published configuration of the metal. An X-ray diffraction study on a
a general way to attain the cycloruthenation of aromatic single crystal of2a has been performed and its ORTEP is
tertiary amine derivativesand we wondered whether these depicted in Figure 2.

cycloruthenated compounds might display catalytic activities.

In this communication we disclose our first results showing _
not only that cycloruthenated compounds are efficient
catalyst precursors for the asymmetric transfer hydrogenation
of prochiral ketonesbut also that their synthesis may be
performed in situ, thus avoiding an unnecessary time-
consuming workup for their purification procedures.
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Figure 1. Ruthenacycles. We found that the new compourfilwas a much more

efficient catalyst for the asymmetric transfer hydrogenation
) ) of acetophenone by 2-propanol than compofinds under

We fqund that_ the enantiopure comPO_UI‘-dWh'Ch was similar conditions the reaction was complete witti h at
synthesized earliérexhibited a poor activity when used as  room temperature (97%) and the enantioselectivity of the
a catalyst for the asymmetric transfer hydrogenation of eaction was significantly improved (ee 38%, see Table

acetophenone with 2-propanol. Indeed, performing the reac-1 entry 2). No mechanistic studies have been performed so
tion at room temperature with 1 mol % of catalyst afforded

48% conversion after 2 h and 75% conversion after 15 h
and the enantioselectivity was very low (e€l0%). Looking _
for ways to improve the catalytic activity as well as the Table 1. Ruthenacycle-Catalyzed Asymmetric Transfer

enantioselectivity, we decided to investigate the importance Hydrogenation of Acetophenohe
0 OH

of the substituents on nitrogen. Although the cyclometalation
of primary or secondary arylalkylamines by palladium(ll) (D)k ruthenium catalyst, tBuOK ©)\
has been well studied, nothing is known about this reaction iPrOH, RT

with ruthenium’ We have applied our cycloruthenation

procedure to (R)-1-phenylethylamine with the hope of [S] time yield?  eed
achieving the cyclometalation reaction (Schemé Opti- entry catalyst (mol L1 [SI/[Clc (min) (%) (%)
1 1 0.1 100 120 48  10(S)
B . - 0.1 100 60 97 38
Scheme 1. Synthesis of Ruthenacycle 2 3 2 0.1 200 270 80 38(S)
. 4 3 0.1 100 30 96  176(S)
@ 5f 3 0.1 100 120 95 85(S)
@ NaOH, KPFe Ru~NCMe | 6 4 0.1 100 10 90 57(S)
\;;1\/ * @NHZ — % . @;NHZ PFe 60 100 47(S)
Ru_ Y MeCN, RT, 72 h .
I 72 Me B 7 4 0.01 100 20 79 62(S)
60 100 61(S)
2a Ry Sru 8 4 0.01 1000 240 76 61(S)
2b Ricy, Riruy

aConditions: ketone (1 mmol) in 10 mL @PrOH; S:C:tBuOK= 100:
1:5, room temperature, unless noted otherwigeitial substrate concentra-
tion. ¢ [substrate]/[catalyst] ratid! Determined by GC. The absolute con-

mizing the reaction conditions by performing the reaction figuration of the major enantiomer is given in parentheS&eaction
at room temperature instead of 48 and aIIowing the performed with catalyst prepared in situ. For details see Taldl&0 °C.
reaction to proceed for a longer period (72 h) afforded the
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far, but we can speculate that the increased activity is due
to a mechanism involving the NH proton as in the Noyori

Table 2. High-Throughput Screening of Chiral Amines in

transfer hydrogenation mechani$m. Ruthenium-Catalyzed Asymmetric Transfer Hydrogenation of
At this stage we investigated whether we could modify Acetophenort

the reaction conditions in order to be able to performitin a [Ru(n¢-arene)Clylo+ chiral amine

high-throughput experimentation (HTE) procedit@hus, + KPFg + NaOH

we first checked in a single Schlenk tube that the yield and 1) CH4CN, 40°C, 24h

the selectivity of the catalytic reaction were comparable to 2) removal of CHzCN

those reported above whénhwas prepared in situ, i.e., in o OH

the conditions depicted. The ruthenacyclic compoRmhs : Il + tpuok _[Ruthenacycle] : J:

therefore not isolated, and the reaction mixture was used as iPrOH

such after removal of the solvent (MeCN) in vacuo. A good
agreement was observed between the catalytic results

obtained with pur@ and those obtained in the in situ process ) yield? .
(compare entries 2 and 3, Table 1). For the HTE experiments,__ %Y amine arene (%) ee® (%)
we then assembled a focused library of chiral primary and 1 a benzene 79 38(S)
secondary amines (a-i) that were treated in situ either with 2 a p-cymene 10 37(8)
[(178-benzene)RuG]), or with [(15-p-cymene)RuG], under i’ t ;e:;izie 82 Zg ES;
the cycloruthenation conditions (Figure %3). = c benzene g 30 (S)
6 c p-cymene 38 25 (S)
7 d benzene 8 10 (S)
8 d p-cymene 35 24 (S)
NH, HoN,,, NH, 9 e benzene 99 80 (S)
H : 10 e p-cymene 79 44 (S)

©/\ 11 f benzene 0

12 f p-cymene 4 9(S)
a b c 13 g benzene 21¢ 76 (R)
NH 14 h benzene 49¢ 89 (R)
2 i benzene 96¢ 69 (S)
i benzene 2044 86 (S)

a Conditions: [substrate} 93 mM; [substrate]/[base]/[catalyst} 56/
1.5/1;t = 4.5 h unless stated otherwigeDetermined by GC. The absolute
configuration of the major enantiomer is given in parenthesaster 1 h.
dAt 0 °C.

O HN"Ph

N W :

A N “/\

O @ @@ OO (Table 2) revealed that these cycloruthenated primary and
g h

NH, -
4 : 15
o ovo ok
d e f

secondary amines are indeed excellent transfer hydrogenation

i catalysts and that both activity and enantioselectivity can be
influenced by the choice of the chiral amine. No activity
was observed in the vial containing the aliphatic amine
This amine cannot be cycloruthenated because of the absence
) ) ) of an aromatic ring. This result confirms that a 1:1 combina-

The analysis of the results obtained after performing the +ion of ruthenium precursor and a primary amine is not
catalytic asymmetric reduction of acetophenone in 2-propanol g ficient to elicit transfer hydrogenation activity. This

corroborates our assumption that the activity in these HTE

_(4) (a) Baratta, W.; da Ros, P.; del Zotto, A.; Sechi, A.; Zangrando, E.; reactions is due to the formation of ruthenacycles. Activity
Rigo, P.;Angew. Chem., Int. EQ2004,43, 358. (b) Albrecht, M.; Kocks, . .
B. M.; Spek, A. L van Koten, GJ. Organomet. Chen2001,624, 271, Of the catalyst based on ligamdvas low. This may well be

(c) Dani, P.; Toorneman, M. A. M.; van Klink, G. P. M.; van Koten, G. due to the less facile formation of the six-membered
Angew. Chem., Int. EQR000,39, 743. (d) Milstein, DChem. Re»2003, ; ;
103 1750, (6) Amoroso, D.: Jabri, A.: Yap, P. A.: Gusev, D. G.: dos Santos, ruthenacycle (although Vicente was able to synthesize the
E. N.; Fogg, D. EOrganometallics2004,23, 4047.
(5) Fernandez, S.; Pfeffer, M.; Ritleng, V.; Sirlin, Organometallics (9) (a) Yamakawa, M.; Ito, H.; Noyori, R.. Am. Chem. So200Q 122,
1999,18, 2390. 1466. (b) Noyori, R.; Yamakawa, M.; HashigushiJB.Org. Chem2001,
(6) (a) Noyori, R.Angew. Chem., Int. EQ002,41, 2008. (b) Palmer, 66, 7931. (c) Carmona, D.; Lamata, M. P.; Oro,Hur. J. Inorg. Chem.
M. J.; Wills, M. Tetrahedron: Asymmetr$999, 10, 2045. (c) Everaere, 2002, 2239.

Figure 3. Ligand library.

K.; Mortreux, A.; Carpentier, J. FAdv. Synth. Catal2003,345, 67. (10) (a) de Vries, J. G.; de Vries, A. H. MEur. J. Org. Chem2003,

(7) (a) Vicente, J.; Saura-Llamas, I.; Palin, M. G.; Jones, P. G.; Ramirez 799. (b) Lefort, L.; Boogers, J. A. F.; de Vries, A. H. M.; de Vries, J. G.
de Arellano, M. C.Organometallics1997, 16, 833. (b) Avshu, A.; Org. Lett.2004,6, 1733. (c) Gennari, C.; Piarulli, WChem. Rev2003,
O’Sullivan, R. D.; Parkins, A. W.; Alcock, N. W.; Countryman, R. NL 103, 3071. (d) Archibald, B.; Brimmer, O.; Devenney, M.; Gorer, S.;
Chem. Soc., Dalton Tran4983, 1619. (c) Fuchita, Y.; Tsuchiya, Y. H.;  Jandeleit, B.; Uno, T.; Weinberg, W. H.; Weskamp, T.Handbook of
Miyafuji, A. Inorg. Chim. Acta1995, 233, 91. (d) Dunina, V. V.; Combinatorial Chemistry; Nicolaou, K. C., Hanko, R., Hartwig, W., Eds.;
Zalevskaya, O. A.; Potapov, V. MRuss. Chem. Rei988,57, 250 and Wiley-VCH: Weinheim 2002; Vol. 2, p 885. (d) Hoveyda, A. ltandbook
references therein. of Combinatorial ChemistryNicolaou, K. C., Hanko, R., Hartwig, W., Eds.;

(8) Spectral data and X-ray data can be found in Supporting Information. Wiley-VCH: Weinheim 2002; Vol. 2, p 991.
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analogous palladacycléj.Good activities and good enan- increase in selectivity due to slowing down the reverse
tioselectivities were found for the catalysts formed in situ hydrogenation reaction at the cost of a minor loss in activity
with the other aromatic amine ligands (see Table 2, entries(Table 1, entry 7), and (ii) by performing the reaction at 0
1-6, 9—10, and 13—16). Again, the results found wig)-( °C, which led to an increase in the selectivity of ca. 10%
1-phenylethylamine (a) were almost identical to those for the best catalyst (85% ee, Table 1, entry 5). The catalysts
obtained previously with the isolated catalystthis fact were also rather robust as the substrate reduction could be
being a strong indication that cycloruthenated species haverepeated up to five times with the same catalytic mixture
indeed been formed in the HTE. In general, a marked with loss in neither activity nor selectivity. A good activity
decreased efficiency on going from the benzene to the was maintained after increasing the [substrate]/[catalyst] ratio
p-cymene derivatives was observed, this being also indicativeto 1000, with no decrease of the enantioselectivity (Table 1,
of the presence of cycloruthenated units in the catalytically entry 8). The TOF of 190 1 obtained in this reaction is an
active species. Indeed cycloruthenation is typically an order of magnitude higher than the rate obtained with the
electrophilic substitution reaction like cyclopalladatidmand Noyori catalyst [Ru(TsDPEN)(£s)Cl] under similar condi-

the use of gp-cymene ligand on the ruthenium center is tions!®

usually detrimental to the cycloruthenation reaction, as this In summary, we have shown that azaruthenacycles ob-
more electron releasing arene ligand markedly reduces thetained in situ via cyclometalation of enantiopure aromatic
electrophilicity of the Ru centé?. We found that the use of  amines following a very simple procedure are good catalysts
secondary amines led to high enantioselectivities. The for the asymmetric transfer hydrogenation of prochiral
secondary amine, bis[(R)-1-phenylethyllamiaginduced ketones. The HTE approach allows for their rapid testing
high activity and good enantioselectivity (ee 80%). on substrates of interest and the simplicity and associated
Excellent results were also obtained with pyrrolidine-based low cost of the ligands will certainly ease their introduction
ligands g and h, which induced the formation of (R)-1- in large-scale industrial production, thus increasing the
phenylethanol in 76% and 89% ee, respectively. Ligand arsenal of low-cost, easy-to-synthesize ligaHds.is clear

led to formation of an extremely active ruthenacycle, which that the commercially available enantiopure primary amines
allowed us to test its activity at @C. This resulted in an  can easily be converted into a very large library of enan-

increase of the enantioselectivity of the alcohol of-8%% tiopure secondary amines. Further work to explore the

albeit at a reduced rate. catalytic potential of these and related cycloruthenated
To prove that cycloruthenated species were formed in thesespecies in other catalytic applications is under way.

HTE experiments, we have analyzed the complexasd4 Acknowledgment. The DSM group thanks the Dutch

obtained after having treated the amieemdb respectively  Ministry of Economic Affairs for a subsidy under the EET

under the cycloruthenation procedures depicted above. Wescheme (EETK99104). We thank Rob Hoen, University of
have isolated in both cases compounds containing a five-Groningen for a gift of ligandh.
membered cyclometalated ring. We did not succeed in
obtaining single crystals of any of these two species
however, théH and**C NMR data and elemental analyses
were informative enough to prove the success of the
cyclometalation reactioh.

The catalytic activities of both pure cyclometalated OL047353D
compounds were also checked and found to be very similar (13) Hashiguchi, S.; Fujii, A.: Takehara, J.: Ikariya, T.; Noyori, R.
to those of the catalysts generated in situ (compare the result®sm. Chem. Sod 995,117, 7562. B .
in Table 1, entries 4 and 6 with those in Table 2, entries 9 , CAZT S CHer, S 2, B0 TEne o8 iton, Ac Heop,
and 3). Moreover we have also found it possible to improve K.; Hyett, D. J.; Martorell, A.: Orpen, A. G.; Pringle, P. Ghem. Commun.
the enantioselectivity of the reaction (i) by increasing the 2000, 961. (b) Monodentate phosphites: Reetz, M. T.; MehleAr@ew.

o . . Chem., Int. Ed2000, 39, 3889. (c) Monodentate phosphoramidites: van
substrate dilution in 2-propanol 10-fold, which led to an gen Berg, M.; Minnaard, A. J.; Schudde, E. P.; van Esch, J.; de Vries, A.

H. M.; de Vries, J. G.; Feringa, B. lJ. Am. Chem. So2000,122, 11539.
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